The genome of common wheat has evolved through allopolyploidization of three ancestral diploid genomes. A previously identified restriction fragment length polymorphism (RFLP) marker, pTag546, has the unique feature of showing hypervariability among closely related common wheat cultivars. To understand the origin and the mode of dispersal of this hypervariable sequence in the wheat genome, the distribution and structure of the homologous sequences were studied using ancestral diploid species, tetraploid disomic substitution lines and synthetic hexaploid lines. Comparative Southern blot and PCR analyses suggested that pTag546 homologs in the tetraploid and hexaploid wheat were derived from the S genome of Aegilops speltoides . Some pTag546 homologs were found to have transposed to A and D genomes in polyploid wheat. Evidence of transposition and elimination in some synthetic hexaploid lines was also obtained by comparing their copy numbers with those in the parental lines. Southern blot analysis of a genomic clone using a contiguous subset of sequences as probes revealed a core region of hypervariability that coincided with the region containing pTag546. No obvious structural characteristics that could explain the hypervariability, however, were found around the pTag546 sequence, except for accumulation of small repetitive sequences at one border. It was concluded that pTag546 increased its copy number through yet unknown mechanism(s) of transposition to various chromosomal locations over the period of allopolyploid evolution and during the artificial genome manipulation in wheat.
The genome of common wheat has evolved through allopolyploidization of three ancestral diploid genomes. A previously identified restriction fragment length polymorphism (RFLP) marker, pTag546, has the unique feature of showing hypervariability among closely related common wheat cultivars. To understand the origin and the mode of dispersal of this hypervariable sequence in the wheat genome, the distribution and structure of the homologous sequences were studied using ancestral diploid species, tetraploid disomic substitution lines and synthetic hexaploid lines. Comparative Southern blot and PCR analyses suggested that pTag546 homologs in the tetraploid and hexaploid wheat were derived from the S genome of Aegilops speltoides . Some pTag546 homologs were found to have transposed to A and D genomes in polyploid wheat. Evidence of transposition and elimination in some synthetic hexaploid lines was also obtained by comparing their copy numbers with those in the parental lines. Southern blot analysis of a genomic clone using a contiguous subset of sequences as probes revealed a core region of hypervariability that coincided with the region containing pTag546. No obvious structural characteristics that could explain the hypervariability, however, were found around the pTag546 sequence, except for accumulation of small repetitive sequences at one border. It was concluded that pTag546 increased its copy number through yet unknown mechanism(s) of transposition to various chromosomal locations over the period of allopolyploid evolution and during the artificial genome manipulation in wheat.
INTRODUCTION
Polyploidy is the most important driving force of the evolution in higher plants. About 70% of angiosperms are of polyploid origin (Masterson, 1994) . In the process of polyploidization, dramatic changes took place in the component nuclear genomes. Grass genomes, as a model system, have greatly contributed to clarifying the significance of polyploidy effects on genome evolution . Allopolyploidy played a pivotal role in speciation in the genus Triticum and Aegilops . The rela-tionships between the genomes of naturally occurring Aegilops -Triticum allopolyploids and those of their ancestral diploid species have been well established (Dvorák and Zhang, 1992; Tsunewaki et al., 1992) . Hexaploid or common wheat ( T. aestivum as a representative species) was derived from allohexaploidization between cultivated tetraploid or emmer wheat ( T. dicoccum ) with A and B genomes and wild Ae. squarrosa with a D genome (Kihara, 1944; McFadden and Sears, 1944) . In this natural allohexaploidization, cultivated emmer wheat served as a female parent, donating hexaploid wheat with B plasmon. The A and B genomes of cultivated emmer wheat were presumably derived from the A genome of T. urartu (Dvorák et al., 1993; Takumi et al., 1993; Mizumoto et al., 2002) and S genome of Ae. speltoides (Sarkar and Stebbins, 1956; Sasanuma et al., 1995) , respectively, after domestication of wild emmer wheat ( T. dicoccoides ). Timopheevi wheat, another tetraploid wheat group with A and G genomes, might also have originated through allotetraploidization between T. urartu and Ae. speltoides (Dvorák et al., 1993; Tsunewaki et al., 1993) . An important feature associated with such allopolyploidization is the occurrence of dramatic structural changes in the constituent genomes (Sasakuma et al., 1993; Belyayev et al., 2000) . To investigate early events of genomic changes induced by allopolyploidization, synthetic Triticum -Aegilops allopolyploid hybrid lines have been used and their genome structures were compared with those of the parental genomes. Such studies showed that low-copy DNA sequences were rapidly and specifically eliminated during allopolyploidization (Liu et al., 1998a; 1998b; Ozkan et al., 2001; Kashkush et al., 2002) .
One RFLP probe, pTag546, isolated from the hexaploid wheat genome produced hypervariable DNA fingerprints and was shown to be an extremely useful probe for cultivar identification in hexaploid wheat . The copy number of pTag546 homologs was estimated to be 10 to 15 in the hexaploid genome of Chinese Spring (CS). In this standard cultivar, pTag546 homologs are located on ten chromosomes (5A, 6A, 7A, 2B, 3B, 6B, 7B, 2D, 4D and 5D) distributed over the three genomes. Liu et al. (1992) sequenced one pTag546 RFLP clone and found a putative retrotransposable element-like structure adjacent to it. However, the exact nature of its hypervariability remains unknown. We report herein the origin and the mode of dispersal of the pTag546 homologous sequences in wheat species based on Southern blot and PCR analyses using a series of diploid and polyploid wheat species and accessions, including chromosome substitution lines and synthetic lines. We isolated an additional pTag546 genomic clone from CS and compared its structure with that of the original pTag546 RFLP clone.
MATERIALS AND METHODS

Plant materials. A total of 114 diploid Triticum and
Aegilops accessions were used in this study, including 56 accessions of einkorn wheat (wild T. urartu and T. boeoticum and cultivated T. monococcum , genome constitution AA), 34 of Aegilops speltoides (SS) and 5 of Ae. squarrosa ( DD). Sources of all the diploid accessions are listed in Table 1 together with the accessions of polyploid wheat. The D genome chromosome substitution lines of T. durum cv. 'Langdon' (Joppa and Williams, 1988 ) and 17 synthetic hexaploid wheat lines and their parental lines, including seven tetraploid wheat species, (Table 1) were also used. For PCR analysis, two remotely related species, barley ( Hordeum vulgare cv. 'Lenins') and rye ( Secale cereale cv. 'Haruichiban') were used as outgroups. Single plants were grown in a greenhouse for use in verification of the species classification and for DNA extraction.
Southern and Northern blot analyses. Total DNA from the diploid accessions, the synthetic hexaploid lines and their parental lines was digested with restriction enzyme Hin dIII. DNA from CS and the disomic substitution lines of Langdon was also singly digested with Bam HI, Hin dIII, Dra I, Eco RI and Eco RV. An original pTag546 clone obtained from a CS genomic library (Liu et al., 1991) and a PCR product amplified from the core region of pTag546 homologs (Fig. 4B ) were used as 32 Plabelled probes for hybridization to the restrictiondigested DNA. Southern blot analysis was performed according to Takumi et al. (1999) .
PCR amplification and sequencing analysis.
To amplify the internal region of pTag546 homologs, the following primer set was designed: forward 5'-AACCAAC-CGTAGCACACCAG-3' and reverse 5'-TCAAGACAAA-GGGCATCAGG-3'. Template DNA (50 ng) and each of the primers at 10 nM were mixed with 2 µ L of 10x DNA polymerase buffer, a 100 µ M dNTP mixture (equimolar dATP, dCTP, dGTP and dTTP), 10% glycerol and 1 unit of Taq polymerase (TOYOBO, Japan) in a total volume of 20 µ L. Thirty-five cycles of PCR were performed in a programmed temperature control system (9600, PE Applied Biosystems, USA). PCR consisted of the following steps: denaturation at 94 ° C for 1 min, annealing at 65 ° C for 1 min, and DNA synthesis at 72 ° C for 1 min. The amplified DNA fragments were analyzed by EtBr-staining after 0.8% agarose gel electrophoresis and cloned into pGEM-T vector (Promega, USA). Nucleotide sequences of the PCR products were determined using the automated fluorescent dye deoxy terminator cycle sequencing system with an ABI PRISM TM 310 Genetic Analyzer (PE Applied Biosystems, USA). The DNA sequences and the deduced amino acid sequences were analyzed using DNASIS (Hitachi, Japan) and the sequence homologies were searched with the BLAST algorithm (Karlin and Altschul, 1993) . Multiple alignment was calculated using the Waterman's algorithm (Waterman, 1986 ).
Isolation and sequencing of a genomic clone.
A genomic clone containing the pTag546 homologous sequence was screened from a wheat TAC library constructed from CS (Liu et al., 2000) . The 1 st and 2 nd screenings were performed according to the procedure of Liu et al. (2000) and one positive TAC clone was isolated. For studying the pTag546-neighbouring sequence, the isolated TAC clone was singly digested with Hin dIII, Bam HI, Sac I and Sal I, and a restriction map was constructed. These restricted fragments were subcloned into pBluescriptII SKphagemid (Stratagene, USA) and a pTag546-containing region about 11 kb in length was sequenced as described above. Table 1 . Accession numbers and sources of plant materials used in this study. (30 accessions)   PI428249, PI428284, PI554598, PI428227, PI428318, PI487270, PI428254, PI428253, PI487272, PI428245, PI428225,  PI427328, PI538747, PI487268, PI428257, PI428317, PI428183, PI428182, PI428316, PI538748, PI428258, PI428259,  PI428264 , PI428270, PI538751, PI538743, PI428181, KU199-1, KU199-6, KU199-11
T. urartu
Ae. longissima (1 accession Ae. squarrosa (5 accessions): KU20-1, KU20-3, KU20-6, KU20-9, KU20-10 
RESULTS AND DISCUSSION
Origin of pTag546 as inferred from the genome distribution of its homologous sequences. To study the possible origin of the hypervariable pTag546 sequence, the genomic distribution of its homologs was compared among 13 diploid Triticum and Aegilops species. The original pTag546 RFLP clone was used as a probe in this comparative Southern blot analysis. The copy number of pTag546 homologs and their apparent homology levels were both highly variable among 32 accessions of diploid species analyzed (Ae. longissima, Ae. searsii, Ae. caudata, Ae. umbellulata, Ae. comosa, Ae. heldreichii, Ae. uniaristata and Ae. mutica) (Fig. 1A) . All accessions of the three einkorn wheat species (T. urartu, T. boeoticum and T. monococcum) with an A genome and Ae. squarrosa with a D genome, on the other hand, produced much weaker signals even after prolonged exposure. No major bands were observed in 48 additional accessions of einkorn wheat tested (data not shown). Ae. speltoides showed up to four pTag546 homologous bands that had strong signals and were hypervariable in their genome distribution among 34 accessions (Fig. 1B) . No apparent association was observed between the genome distribution and the collection sites of these accessions.
These results show that pTag546 homologs are distributed among many diploid Aegilops species and polyploid wheat but absent or present as low-homology copies in the A and D genome ancestral diploid species. pTag546 homologs were PCR amplified from three polyploid wheat species (T. dicoccoides, T. dicoccum, T. aestivum) and two of the three Ae. speltoides accessions using the primer set designed based on the original clone (Fig.  1C ). Only one band was amplified from these accessions. On the other hand, no homologous sequences were amplified from A or D genome diploid species or from timopheevi wheat with AG genomes. Together with the observed hypervariability in Ae. speltoides, this result indicates that pTag546 originated in the S genome of Ae. speltoides, a putative ancestral B genome donor to polyploid wheat, and dispersed into the polyploid wheat genome. One weak band was amplified from rye (Secale cereale). The reason for the amplification from this remotely related genome remains unknown.
The mode of dispersal of pTag546 as revealed by copy number changes through polyploid wheat evolution. Chromosome assignment of the pTag546 homologs was made using the D-genome disomic substitution lines of T. durum cv. Langdon, in which individual A and B genome chromosomes of Langdon are replaced by their homoeologous D genome chromosomes of CS (Joppa and Williams, 1988) . This chromosome-based deletion analysis showed that pTag546 homologs were located on the 6A, 6B and 7A chromosomes in Langdon (Fig. 2) . The observed restriction patterns were highly conserved among different substitution lines, indicating that these pTag546 copies remained stable throughout the process of artificial production of this series of substitution lines. An additional copy, however, was observed in 1D(1A), 2D(2B) and 5D(5B) substitution lines. It was noted that this extra copy showed an identical restriction pattern in all the lines possessing it, whereas it was absent in 1D(1B), 2D(2A) and 5D(5A). Another copy was absent in 2D(2A) and 5D(5A) substitution lines. According to the study using the CS nulli-tetrasomic series , pTag546 homologs are distributed on the 2D, 4D and 5D chromosomes in addition to the A and B genome chromosomes. It could be suggested that the copy on the 2D and 5D chromosomes in the substitution lines, at least, were derived from pTag546 possessed by the original 2D and 5D chromosomes of CS. Our findings also suggested that pTag546 was lost in 2D(2A) and 5D(5A) substitution lines. However, the peculiar observations of an identical restriction signal in these substitution lines and the appearance/disappearance of 1D/4D copies can not be explained by this scenario. One speculative but plausible explanation is that a copy of pTag546 present in CS was transposed to an unknown but identical genomic region of these substitution lines during the process of their construction. In hexaploid wheat, homologous copies of many structural genes generally exist as triplicated homoeologous sets (McIntosh, 1998) . No apparent homoeologous relationship, however, was observed in the pTag546 copies distributed over the three component genomes, as shown by Liu et al. (1992) . Our result rather suggests that at least 6A and 7A chromosome copies in tetraploid wheat were derived by transposition of S genome copies before evolution of hexaploid wheat. On the other hand, the D genome chromosome copies including ones on the 2D, 4D and 5D chromosomes might have dispersed either from the S/B genome copies or from A genome derivative copies in the hexaploid wheat genome.
To examine whether proliferation of the pTag546 homologs was accelerated by allopolyploidization, we conducted comparative Southern blot analysis using synthetic hexaploid wheat lines and their parental lines. The result showed that 15 out of 17 synthetic lines contained pTag546 homologs that were apparently transmitted from the parental tetraploid wheat genome, as judged by their restriction patterns (Fig. 3) . In line number 221-3, however, two novel copies appeared, indicating that proliferation of pTag546 took place after allohexaploidization. On the other hand, some copies observed in the paternal tetraploid parents were missing in synthetic lines 221-10 and 221-12. This indicates the elimination of pTag546 that was present in the tetraploid AB genome through allohexaploidization. The copy number of the pTag546 sequence thus apparently changed in both directions through the process of allopolyp- loid evolution. Similar cases of sequence elimination were reported in hexaploid wheat by Ozkan et al. (2001) and Shaked et al. (2001) . Two synthetic lines (231-1 and 231-3) that were produced between timopheevi wheat and Ae. squarrosa had no pTag546 homologs (Fig. 3) . The absence of pTag546 homologs in the A and G genomes of Fig. 2 . Chromosome assignment of pTag546 homologs in cultivated emmer wheat. Southern blot patterns of total DNA digested with EcoRI (A) and DraI (B) are shown. The blots were probed with the 32 P-labelled pTag546 core sequence that was amplified by PCR. Chromosome constitution in the Langdon substitution lines is presented as, for example, Ldn1D(1A), in which a pair of chromosome 1A of Langdon is replaced by a pair of homoeologous chromosome 1D from CS. Open circles show polymorphic bands missing from particular lines and asterisks show newly appearing bands. CS is added as a reference. Fig. 3 . Southern blot analysis of pTag546 homologs in 17 synthetic hexaploid wheat lines and their parental lines. Blots of HindIIIdigested DNA were probed with the 32 P-labelled pTag546 core sequence amplified by PCR. Open circles show polymorphic bands present in particular tetraploid parents and missing from corresponding synthetic hexapoid lines, and asterisks show newly appearing bands in synthetic hexaploid lines. both wild and cultivated timopheevi wheat was confirmed by PCR analysis (Fig. 1C ). Since some Ae. speltoides accessions contained no pTag546 homologous copies ( Fig.  1B and 1C) , one such Ae. speltoides ancestor not possessing pTag546 should have served as the G genome donor to the wild T. araraticum. Our result thus strongly supports the diphyletic origin of the two wild tetraploid wheat species, one with an AB genome (T. dicoccoides) and the other with an AG genome (T. araraticum) (Mori et al., 1995) .
Genomic structure in the vicinity of the hypervariable pTag546 sequence. To gain insight into possible mechanism(s) of the hypervariability exhibited by pTag546, we isolated one TAC clone containing a homologous sequence and studied its genomic structure in the region surrounding the pTag546 sequence. A physical map of the 11,279-bp region studied is shown in Fig.   4A . This region included a 3,117-bp sequence (from 6,140 to 9,256-bp) that showed high homology to the original pTag546 RFLP clone (95.5% homology at the nucleotide level). The sequence contained no plausible coding regions. Comparison with the original pTag546 RFLP clone revealed the location of the common 3' ends of the two sequences (Fig. 4B) . Both RFLP and TAC clones seemed to terminate with two tandemly repeated sequences of 140-bp at their 3' ends. No homologous sequences were observed further downstream of these 140-bp repeats. A short repeated region occurred near the 140bp repeats in both clones, and this region in the TAC clone showed high homology (89%) to a hypervariable sequence reported in rye (accession number; AF153213). In the upstream region between 3,385 and 5,834-bp, the TAC clone contained a sequence homologous to a rice gene encoding serine/threonine kinase (accession number; CAD39336). Two regions covering 850 to 1,350-bp and 5 . Comparative Southern blot analysis for detecting the hypervariable core region of pTag546. Southern blots of restricted CS DNA were probed with 32 P-labelled subclones A to L from the sequenced TAC clone containing pTag546 (see Fig. 4 ). H, HindIII; B, BamHI; D, DraI; EI, EcoRI; EV, EcoRV. 9,270 to 9,560-bp contained various short repeat sequences of 5 to 22-bp in length. No sequences homologous to any reported transposable elements were found inside or in the vicinity of the pTag546 sequence by BLAST and FASTA analyses.
To identify a core region responsible for generating the hypervariability of pTag546, we conducted a series of comparative Southern blot analyses using 12 contiguous subclones (A to L) that were produced from the sequenced region of the TAC clone (Fig. 4A) . These probes were hybridized to CS DNA after digestion with five restriction enzymes, BamHI, HindIII, DraI, EcoRI and EcoRV (Fig.  5) . Probes A to C and J to L gave either highly repetitive or smear patterns, indicating that these regions are not related with the hypervariability of pTag546. Regions E and F corresponded to the rice serine/threonine kinase gene and region D showed a much smaller number of copies. Hence, these regions are also concluded not to be responsible for the hypervariability. By contrast, probes G to I produced quite similar numbers and patterns of hybrid bands to those produced by the pTag546 probe, showing that the hypervariability is confined within this 3.3-kb pTag546 region. Liu et al. (1992) assigned 12 pTag546 homologous loci to 10 out of 21 chromosomes of CS and estimated the copy number to be 10 to 15. The copy number observed in our study, i.e. up to 8, seems to be a little less than this estimate, probably due to the fact that the probe used by Liu et al. (1992) contained the downstream region of pTag546. In our study, possible 5'-ends of pTag546 could not be determined, because this region was missing from the original pTag546 RFLP clone . Additional genomic clones of pTag546 homologs should be isolated from different genomic regions and comparatively analysed in further studies. To clarify the diversity of this hypervariable sequence, inter-and intraspecific variations will also have to be studied.
Internal sequences within the 1.3-kb region that presumably represented a core region (G to I) were further analyzed (Fig. 4B ). Fourteen and ten PCR products from CS and Ae. speltoides (KU7871), respectively, were sequenced and compared with sequences of the pTag546 RFLP and TAC clones. The observed homology among these clones was high, varying from 94.5 to 100%. In the alignment based on their nucleotide sequences, all clones from CS and Ae. speltoides formed a mixed cluster (data not shown). This result indicates that the structure of the pTag546 hypervariable core region was conserved during its dispersal through polyploid wheat evolution. No identical clones, however, were obtained from CS and Ae. speltoides. No apparent ORF covering the pTag546 core sequence was found and no transcripts were detected in seedling leaves, embryo or callus of common wheat by Northern blot analysis (data not shown).
Conclusions.
We have demonstrated herein that the hypervariable pTag546 copies dispersed in the component genomes of polyploid wheat were most likely derived from the ancestral S genome of Ae. speltoides. Through polyploid evolution, the copy number of pTag546 homologs increased from about four in Ae. speltoides to more than eight in common wheat. Sequence analysis of the genomic region surrounding the core sequence showing hypervariability did not provide any information that helped to determine the molecular mechanism of pTag546 proliferation. The 3' border of pTag546, however, showed the accumulation of small repetitive sequences, which might have been involved in its dispersal through inter-and/or intra-genomic transpositions over the wheat genomes. It has been shown that allopolyploidization of different genomes in Triticum and Aegilops induces rapid elimination of the low-copy sequences Shaked et al., 2001; Levy and Feldman, 2002) . In the case of low-copy-number repetitive pTag546, the driving force for proliferation dominated over that for elimination, resulting in an increase of its copy number in tetraploid and hexaploid wheat. The proliferation of particular sequences such as pTag546 might be an additional feature of polyploid genome evolution besides the apparent allopolyploidy-induced sequence elimination.
